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At present most experiments at the CERN Large Hadron Collider (LHC) are planning
upgrades in the next 5-10 years for their innermost tracking layers as well as luminosity
monitors to be able to take data as the luminosity increases and CERN moves toward
the High Luminosity-LHC (HL-LHC). These upgrades will most likely require more
radiation tolerant technologies than exist today. As a result this is one area of intense
research, and Chemical Vapour Deposition (CVD) diamond is one such technology. CVD
diamond has been used extensively in beam condition monitors as the innermost detectors
in the highest radiation areas of all LHC experiments. This talk describes the preliminary
radiation tolerance measurements of the highest quality polycrystalline CVD material
for a range of proton energies and neutrons obtained with this material with the goal of
elucidating the issues that should be addressed for future diamond based detectors. The
talk presents the evolution of various semiconductor parameters as a function of dose.
1. Introduction
The innermost tracking detector systems at Hadron Collider Experiments of the next gener-
ation will face a challenging radiation environment. Synthetic diamond from a chemical vapour
deposition process (CVD) has been investigated as a promising alternative candidate to silicon due
to its nearly twice higher atomic displacement energy and high intrinsic resistivity.
The RD42 collaboration has explored the radiation tolerance of single (sCVD) and polycrys-
talline CVD diamond (pCVD) with protons and neutrons at energy ranges relevant to the particle
spectra encountered at the Large Hadron Collider (LHC), up to a particle fluence required by the
high luminosity upgrade of the LHC (HL-LHC) [1]. In the following the characterisation method of
radiation tolerance will be discussed (Section 2) and the results of protons and neutron irradiations
on pCVD and sCVD will be summarised (Section 3).
2. Characterisation of Radiation Tolerance
Diamond samples were characterised before and after irradiation by measuring the charge sig-
nal with 120 GeV/c protons in the H6 beam line at the CERN Super-Proton-Synchrotron (SPS).
The samples were typically sized 5 mm× 5 mm or 10 mm× 10 mm and metallized with a seg-
mented strip electrode structure on the front-side and a continuous electrode on the back-side. The
strips were wire-bonded to a VA2 readout chip for charge integration and shaping the signal; the
electronic noise was about 80 electrons. Before testing the sensors they were expose to beta par-
ticles from a 90Sr source to fill charge traps. The detectors were tested at an electric field strength
of 1 V µm−1 and 2 V µm−1. A beam telescope predicted the track position at the diamond sensor
with a resolution of 4 µm. The charge signal was built from the sum of the highest two strip cluster
within 10 strips around the predicted track position.
A 120 GeV/c proton is a minimum ionising particle (MIP) and will create on average 36
electron-hole pairs per micrometer in diamond. The measured MIP signal Qm is commonly ex-
pressed in terms of the charge collection distance defined as δ = Qm36 e µm−1 . The charge signal is
reduced by active traps reducing the life-time of the electrons and holes. The life time τ is propor-
tional to the "Schubweg" λ ∝ 1τ and since production of traps by radiation is proportional to the
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fluence the radiation damage can be parameterised as
1
λ
=
1
λ0
+ kλΦ (2.1)
with λ0 representing the un-irradiated state, and the damage constant kλ describing the introduction
of additional traps with the fluence Φ. The MIP signal efficiency ε , charge collection distance δ
and Schubweg are related by
ε = Qm/QMIP = δ/d = 2
λ
d
(
1− λ
d
(1− e−d/λ )) (2.2)
with d the thickness of the detector.
A typical signal spectrum obtained with 120 GeV/c protons with single crystal CVD diamond
material is shown in Figure 1a. The spectra show the typical Landau shape for MIP signals, the
degradation of the signal with proton fluence is clearly visible. In Figure 1b the dependence of
the ratio, f , of FWHM to most probable value is compared for single crystal and polycrystalline
CVD diamond. The value of f is decreasing for pCVD while sCVD shows a slow rise of f with
proton fluence, indicating a common value at high proton fluence. The resistivity of diamond is
not significantly changed with irradiation fluence [2], and due to the large band shows also no
significant dependence with temperature at room temperatures or below [2].
RD42 Preliminary
0 1 2 3
×104
0
0.05
0.1
0.15
0.2
0.25
qsignal (e)
Ev
en
td
en
sit
y
/2
00
e
φ = 0.00 × 1015 p/cm2
φ = 0.78 × 1015 p/cm2
φ = 2.39 × 1015 p/cm2
φ = 3.05 × 1015 p/cm2
φ = 7.82 × 1015 p/cm2
φ = 13.40 × 1015 p/cm2
(a)
RD42 Preliminary
0 5 10 15
×1015
0
0.5
1
1.5
φ
(
p/cm2
)
f
sCVD
pCVD
(b)
Figure 1: MIP signal spectra of single crystal diamond detectors at different 800 MeV proton
fluences (a), and ratio of FWHM to the most probable value of the MIP signal for single crystal
and polycrystalline CVD diamond (b) [3].
From the measured charge Qm the Schubweg λ can be determined by solving equation 2.2.
The linear dependence of the inverse of lambda, 1/λ , with proton fluence can be seen in Figure 2a.
The slope of a linear fit to these data in 1/λ allows to extract the damage constant kλ from equa-
tion 2.1. The gradient of 1/λ is comparable for different sCVD and pCVD diamond samples while
the variations in offset are due to the initial material conditions and are captured by the λ0 term
in equation 2.1. This indicates that the simple model for radiation damage parametrises well the
damage in pCVD and sCVD diamond.
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Figure 2: Measurements of inverse Schubweg as a function of 800 MeV protons fluence for sCVD
and pCVD samples for two polarities with statistical and systematic error added in quadrature [3]
(a). Measured Schubweg as a function of 24 GeV protons equivalent fluence compared to the
radiation damage model (dashed curve) [3] (b).
3. Summary of Results
A series of irradiations of sCVD and pCVD diamonds and subsequent characterisation in test-
beams has been conducted. Samples have been irradiated with 25 MeV to 24 GeV protons, up to
maximum fluence of 1.3 ·1016 p cm−2 and with fast neutrons corresponding to an energy range of
1 MeV to 10 MeV up to a fluence of 1.3 ·1016 n cm−2.
From this data-set the damage constants k as a function of particle type and energy were
extracted. Although we are not in a position at this time to quote the absolute values of k, current
preliminary values indicate they are 2-4 times lower in diamond than in silicon. The initial signal
is lower in diamond compared to silicon, however the low leakage current and low k factors puts
diamond ahead of silicon for fluence above 1015 particles cm2 in terms of signal-to-noise ratio for
a typical HL-LHC pixel detector application [4].
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